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The replication-fork-associated protein Eco1 is required for the establishment
of sister chromatid cohesion, which plays an essential role in faithful
chromosome segregation. Three recent studies in yeast and humans reveal
that the acetyltransferase activity of Eco1 targets the cohesin subunit Smc3 to
facilitate the establishment of cohesion.
Koichi Tanaka
and Yoshinori Watanabe*
Duplicated chromosomes (sister
chromatids) become connected
during S phase through the action of
a multisubunit complex called cohesin,
which consists of four core subunits:
two SMC (structural maintenance of
chromosome) family ATPase proteins,
Smc1 and Smc3; the kleisin family
protein Scc1 (also known as Mcd1/
Rad21); and Scc3 (SA1/SA2). The
Smc1, Smc3 and Scc1 subunits
associate with each other in such
a way so as to form a tripartite ring
structurew50 nm in diameter that
encompasses both sister chromatids
and holds them together [1] (Figure 1A).
This linkage, which mediates sister
chromatid cohesion, must be
maintained throughout G2 phase until
metaphase to identify the pair of
chromosomes that must be separated
at division. Sister chromatid cohesion
is also important during interphase
for the repair of DNA double-strand
breaks (DSBs) and for transcriptional
regulation. At the onset of anaphase,
a protease called separase cleaves
the Scc1 subunit, leading to the
opening of the cohesin ring and the
separation of sister chromatids.
In principle, cohesins could be
loaded onto chromosomes throughout
the cell cycle, but cohesion is
established only during S phase in the
normal cell cycle [2–4]. It is generally
believed that the replication-fork-
associated acetyltransferase Eco1
(Ctf7) plays an important role in
establishing cohesion during S phase
but is dispensable for the maintenance
of cohesion; in eco1-deficient cells,
cohesin can associate with DNA but
cannot interlock the newly replicated
DNA molecules. However, until
recently, it was unclear whether the
acetyltransferase activity of Eco1 is
indeed required for establishing
cohesion and, if so, what the crucial
substrate of Eco1 is. Thus, we were
far from understanding the
mechanisms of the establishment
of cohesion.
Recently, three research groups,
led by Frank Uhlmann [5], Douglas
Koshland [6] and Jun Qin [7] revealed
that a key function of Eco1 during the
establishment of cohesion is the
acetylation of two lysine residues of
Smc3 in budding yeast and humans.
Studies in budding yeast have shown
that recombinant Eco1 can acetylate
Smc3 in vitro, and that Smc3 purified
from yeast cells is, in fact, acetylated
at lysine 112 and lysine 113 (K112 and
K113) [5,6]. The acetylation of Smc3
occurs during S phase after the loading
of cohesion onto chromatin and is
abolished in eco1-deficient cells. These
findings suggest that the K112 and
K113 residues in Smc3 may be critical
targets of Eco1 acetyltransferase
activity during the establishment of
cohesion. Consistent with this idea,
mutations of both lysine residues to
arginine, a structurally similar amino
acid, but one that cannot undergo
acetylation, cause cell lethality due to
a cohesion defect, similar to that seen
in eco1-deficient cells in that cohesin
associates with DNA but fails to
establish cohesion. Conversely,
mutations of both lysine residues to
asparagine or glutamine, which mimic
the acetylated state, can sustain cell
viability even in the absence of the
ECO1 gene, which is an otherwise
essential gene. A similar relationship
between human Esco1 (an Eco1
ortholog) and Smc3 [7] has been
demonstrated and, together, these
results suggest that the acetylation
of Smc3 by Eco1 is a fundamental
mechanism for the establishment of
cohesion.
Two recent studies [8,9] in budding
yeast demonstrated that DSBs can
induce the formation of genome-wide
cohesion even in G2/M phase, i.e. in
the absence of DNA synthesis.
Intriguingly, DNA damage-induced
phosphorylation of Scc1 is critical forDSB-induced cohesion [10]. Since this
cohesion was still dependent on Eco1
acetyltransferase activity, the relevant
Eco1 substrate might be Scc1 rather
than Smc3 in this case. It was also
demonstrated that overexpression of
Eco1 induces genome-wide cohesion
in G2/M phase without DSBs [8],
implying that Eco1 acetyltransferase
activity potentially promotes the
establishment of cohesion without
replication-fork passage or DSBs.
Further mechanistic insight into
Eco1-dependent establishment of
cohesion comes from genetic
approaches in budding yeast.
Mutations in WPL1, a gene encoding
a budding yeast ortholog of the
cohesin-destabilizing protein Wapl
[11,12], were isolated as suppressors
of the lethality of the eco1 mutant [5].
Similarly, in human cells, the depletion
of Wapl suppresses the premature
sister chromatid separation observed
in cells depleted of Esco2, another
human ortholog of Eco1 [12]. This is
reminiscent of the finding that fission
yeast Eso1 (an Eco1 ortholog)
becomes dispensable for cell viability
in the absence of Pds5 [13].
Considering the fact that Pds5
associates closely with Wapl [11],
these findings might lead to the
suggestion that Wapl function is
somewhat dependent on Pds5. All of
these data support the notion that
the activity of Eco1 acetyltransferase
family members antagonizes the
action of Wapl, which promotes
the release of cohesin from
chromosomes (Figure 1B).
How does acetylation of Smc3
block the negative action of Wapl on
cohesin? Given that the hydrolysis of
ATP by Smc3 (and Smc1) is essential
for the association of cohesin with
DNA [14,15], Wap1 may control the
ATPase activity of Smc3. Considering
that K112 and K113 emerge from
a surface loop on the Smc3 head
domain very close to the ATP-binding
pocket [2], the effect of Wap1 may be
suppressed by Eco1-mediated
acetylation. Another possibility is that
the acetylation of Smc3 may simply
promote the dissociation of Wapl
itself from the cohesin complex.
Measurements of cohesin dynamics
in mammalian cells have indicated
that cohesin binding to chromatin is
dynamic in G1 phase but stabilized
during S phase [16]. In fission yeast,
the instability of cohesin in G1 phase
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Figure 1. Sister chromatid cohesion regulated by the Eco1 acetyltransferase.
(A) A model for the architecture of the budding yeast cohesin complex. Scc1 connects the ATPase head domains of an Smc1–Smc3 dimer,
thereby forming a large proteinaceous ring. Eco1 stabilizes the cohesin ring through the acetylation of the Smc3 head, which counteracts
the function of Wpl1/Wapl. Pds5, a partner of Wpl1, may facilitate Wpl1 function. (B) Regulation of sister chromatid cohesion during the cell
cycle. The Scc2–Scc4 complex loads cohesin onto chromatin, while Wpl1 promotes the dissociation of cohesin. The ATPase activity of cohesin
is required for its association with DNA. During S phase, sister chromatid cohesion established on nascent DNA strands is stabilized immedi-
ately by Eco1 acetyltransferase, which is associated with the replication fork. At anaphase, separase cleaves the Scc1 subunit, leading to the
dissociation of the cohesin ring from chromatin.depends on Wpl1, and Eso1
contributes to stabilization during
S phase [17].
In summary, these recent studies
on Eco1 and Wapl have changed our
view about the mechanisms by which
cohesion is established. The
association of cohesin with chromatin,
which is mediated by the Scc2–Scc4
cohesin-loading complex, is negatively
regulated by Wapl; Eco1 simply
stabilizes cohesin binding to
chromatin by blocking the action of
Wapl through the acetylation of Smc3.
In this model, the ‘establishment’
process does not necessarily require
Eco1 function, and is potentially the
result of some intrinsic feature of
cohesin molecules (Figure 1).
Obviously, further studies are
required to validate this hypothesis.References
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a New Light
Most terminally differentiated sensory n
receptor molecule. A Drosophila photor
switching to expressing a different type
from larva to adult.
Kerstin Hofmeyer
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In order to recognize specific stimuli,
sensory cells must contain specific
receptors. Maximum specificity is
achieved when each cell expresses
only a single receptor, a rule that has
been shown to hold true for a variety of
sensory systems in both vertebrates
and invertebrates [1,2]. For example,
in the mouse olfactory system each
individual olfactory neuron expresses
only one of approximately 1500
odorant receptor genes [1]. Similarly,
the majority of photoreceptor neurons
in the Drosophila melanogaster retina
express only one of five different types
of Rhodopsin [2].
Deviations from this rule may occur
in organisms with a small number of
sensory cells. For instance, individual
chemosensory neurons in
Caenorhabditis elegans express a large
number of independently functional
receptors [3]. The activation of each of
these receptors by distinct stimuli thus
elicits the same behavioral response,
allowing broad sensitivity but low
discriminatory power. Some butterfly
photoreceptors similarly broaden their
absorption spectra by expressingmore
than one opsin [4]. Alternatively,
receptor coexpression can simply
reflect the requirement for two
receptors to function together to detect
a single stimulus. In the olfactory
system of several insect species, each
stimulus-specific odorant receptor
pairs up with a ubiquitous co-receptor
that may influence receptor trafficking
or sensitivity [5]. These and other16. Gerlich, D., Koch, B., Dupeux, F., Peters, J.M.,
and Ellenberg, J. (2006). Live-cell imaging
reveals a stable cohesin-chromatin interaction
after but not before DNA replication. Curr.
Biol. 16, 1571–1578.
17. Bernard, P., Schmidt, C.K., Vaur, S., Dheur, S.,
Drogat, J., Genier, S., Ekwall, K., Uhlmann, F.,
and Javerzat, J.P. (2008). Cell-cycle regulation
of cohesin stability along fission yeast
chromosomes. EMBO J. 27, 111–121.eeing the World in
eurons express a single sensory
eceptor organ breaks this rule by
of Rhodopsin as it metamorphoses
previously reported exceptions to the
‘one neuron — one receptor’ rule
involve the concurrent coexpression of
multiple receptors in a single cell. A
recent paper by Sprecher and Desplan
[6] describes a different kind of
exception to the rule. These authors
show serial expression of two distinct
Rhodopsin receptors in a single
photoreceptor neuron at consecutive
stages of the life cycle.
In addition to a complex eye
responsible for image analysis, many
organisms possess extra-ocular
photosensory organs that coordinate
behavior in response to light. One
such organ in Drosophila is the
Hofbauer-Buchner eyelet, a group of
four photoreceptors located
between the retina and the optic
lobes. These photoreceptors express
the green-sensitive Rhodopsin 6 (Rh6)
and contribute to circadian clock
entrainment in the adult [7]. The eyelet
arises during metamorphosis by
transformation of the larval Bolwig’s
organ, a cluster of 12 photoreceptors
which mediates light avoidance
behavior as well as clock entrainment
[7,8]. Bolwig’s organ develops in the
embryo from four primary founder
neurons, which recruit eight secondary
photoreceptors by producing a ligand
for the epidermal growth factor
receptor [9]. At larval stages,
the primary cells express the
blue-sensitive Rhodopsin 5 (Rh5)
under the control of the transcription
factors Spalt (Sal) and Orthodenticle
(Otd), while secondary photoreceptors
express Rh6 driven by the nuclear
receptor Seven-up (Svp) [10].Laboratory of Chromosome Dynamics,
Institute of Molecular and Cellular
Biosciences, University of Tokyo, Yayoi,
Tokyo 113-0032, Japan.
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DOI: 10.1016/j.cub.2008.08.036Persistent Rh6 expression in the
adult eyelet led to the assumption that
it was derived from the Rh6-positive
population of secondary larval
photoreceptors. Sprecher and Desplan
[6], however, now demonstrate that
the Rh6-positive photoreceptors of the
adult eyelet instead derive from the
Rh5-expressing larval photoreceptors,
which switch expression of Rhodopsin
subtypes during metamorphosis [6].
Previously, tracking the two
subpopulations of larval
photoreceptors was complicated by
the loss of expression of most
photoreceptor markers during early
pupal stages [7]. Sprecher and Desplan
[6] solved this problem by using two
different approaches to permanently
label the Rh5-expressing larval
photoreceptors. They used the rh5
promoter to drive either excision of
a stop cassette separating a ubiquitous
promoter from a reporter, or
expression of a fluorescently tagged
histone that becomes stably
incorporated into chromatin. These
techniques allowed them to show that
the four primary photoreceptors
survive metamorphosis, repress rh5
and activate rh6 expression. These
cells continue to express Sal,
suggesting that they have specifically
altered their rhodopsin expression
rather than changing their fate. In
contrast, the secondary larval
photoreceptors do not persist until the
adult stage (Figure 1). Consistent with
this interpretation, the adult eyelet was
absent when pro-apoptotic genes
were expressed exclusively in larval
Rh5-positive neurons, and contained
additional Rh6-positive neurons when
larval Rh6-expressing cells were
protected from apoptosis by
expression of p35 [6]. Interestingly,
the cell-autonomous effects of these
manipulations suggest that the two cell
populations develop independently
through metamorphosis.
What signals could trigger this switch
in sensory specificity? Its timing, which
